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http://dx.doi.org/10.1016/j.kjms.201Abstract Frontal lobes are great and are a late-developing region of the neocortex that play
a critical role in human behavior and executive function. The aim of this study was to clarify
the role of event-related potentials (ERPs) in executive dysfunction and its relationship be-
tween generator mechanism and cognitive significance. We recruited 20 patients with frontal
lobe lesion (FLL) and 27 age-matched controls. All patients submitted to comprehensive Fron-
tal Test Battery and auditory ERPs measurement. In comparison with controls, the patients
with FLL had significantly decreased executive function and manifested the delay of P300 la-
tency, which reflected a delay of mental processing speed in these patients. Our findings sug-
gest that patients with FLL may have prolonged P300 latency, which has a good correlation
with executive dysfunction, poor performance, and longer P300 latencies. P300 ERPs are
considered to be a useful method to identify the alteration of frontal-parietal connection.
Copyright ª 2013, Kaohsiung Medical University. Published by Elsevier Taiwan LLC. All rights
reserved.nt of Neurology, Kaohsiung
ou 1st Road, Kaohsiung 807,
(C.-K. Liu).
hsiung Medical University. Publish
3.07.003Introduction
In phylogeny, as in ontogeny, the association cortex of the
frontal lobe is a late-developing region of the neocortex
and it constitutes as much as approximately a third of the
totality of the neocortex [1]. Functionally, it plays a critical
role in human behavior and executive function [2]. For the
complex nature of functions ascribed to the frontal lobeed by Elsevier Taiwan LLC. All rights reserved.
Table 1 Characteristics of patients with frontal lobe
lesion.
Case Age (y) Sex Localization Etiology
1 61 F R medial frontal Stroke
2 63 F L dorsolateral frontal Stroke
3 83 M L dorsolateral frontal Tumor
4 68 F L dorsal frontal Stroke
5 52 M L medial frontal Stroke
6 26 M L medial frontal Tumor
7 57 M L dorsolateral frontal Trauma
8 52 M L medial frontal Stroke
9 36 M L orbital frontal Trauma
10 56 F L orbital frontal Trauma
11 70 F L medial frontal Tumor
12 69 M L dorsolateral frontal Stroke
13 66 M R orbital frontal Stroke
14 71 F L medial frontal Stroke
15 78 F L dorsolateral frontal Stroke
16 29 M L medial frontal Tumor
17 48 M R dorsolateral frontal Tumor
18 44 F R orbital frontal Tumor
19 65 M R dorsolateral frontal Stroke
20 37 M L orbital frontal Trauma
F Z female; L Z left; M Z male; R Z right.
ERPs in executive dysfunction 681and the limited empirical support for the assumptions
regarding frontal lobe function, the clinical manifestations
of the frontal lobe lesion (FLL) are difficult to assess, even
for experienced behavioral neurologists and neuropsychol-
ogists [3]. In practice, extensive neuropsychological batte-
ries are needed to assess executive function modulated by
the frontal lobe [4], although a short assessment battery,
the Frontal Assessment Battery, has been proposed [5].
Clinically, the evaluation of executive dysfunction
largely depends on neuropsychological tests (NPT) that are
heavily influenced by cultural background and educational
level [6,7]. Several reports, including ours, suggest that low
education might be an important risk factor in developing
dementia [8e10]. Whether this resulted from the poor
performance of NPT among those who were illiterate is not
clear at this time and is still under debate. Event-related
potentials (ERPs) are free from cultural and educational
influence and can provide useful and noninvasive insight
into cognitive processes, especially in the temporal domain
[11]. Early components of ERPs (N100 and P200) are
considered exogenous sensory components that have been
associated with attention and sensory processing [12]. The
N200 component represents an early alteration of cognitive
ability, such as target discrimination and classification [13].
P300, a type of ERPs, first described by Sutton et al. in 1965
[14], is a positive shift that occurs approximately 300 ms
after the onset of stimulus, particularly when a patient
detects an informative task-relevant stimulus [15]. A
number of studies have focused on the generators of the
P300 recorded in simple target detection tasks [16,17]. It is
accepted that P300 indexes information processing such as
attention, stimulus evaluation, judgment, memory, and
making decisions [18]. However, there is no consensus
about the function of P300. Indeed, ERP studies with frontal
function showed heterogeneity [19,20]. The linkage be-
tween the generator mechanism of P300 and its cognitive
significance needs a reappraisal. Using comprehensive
Frontal Test Battery (FTB) and P300 in patients with frontal
lobe lesion, we aim to clarify: (1) the role of ERPs in ex-
ecutive dysfunction, and (2) to examine the relationship
between generator mechanism of P300 and its cognitive
significance.
Materials and methods
Participants
The patient group consisted of 20 patients with FLL (8 fe-
males and 12 males; mean age, 58.2  16.0 years; mean
years of education, 7.6  4.6 years) consecutively enrolled
in the Kaohsiung Medical University Hospital. We deter-
mined the location of FLL using structural neuroimaging
data (computed tomography scans). Based on clinical data
(Table 1), 10 of the 20 patients had stroke, six had brain
tumors removed, and the remaining four had traumatic
brain lesions. Approximately 3e4 months after brain dam-
age or removal of tumor, every patient received neuro-
psychological and electrophysiological assessments.
Twenty-seven age-matched normal controls (14 females
and 13 males; mean age, 63.5  9.2 years; range, 48e81
years; mean year of education, 9.6  3.6 years) wererecruited from the hospital and the general community.
They were carefully screened to be free of neurological or
psychiatric disease. All patients in both groups were right-
handed [21] and literate, and they were submitted to
neuropsychological and electrophysiological assessments
after providing informed consent.
Neuropsychological assessment
The comprehensive FTB [22] used to assess the frontal-
subcortical function was composed of the following: (1)
Digit Span (Wechsler Adult Intelligence Scale-Revision;
WAIS-R), Digit Symbol (WAIS-R), Stroop Test, and Trail
Making Tests (parts A and B) to assess attention and con-
centration; (2) Block Design (WAIS-R) and Rey-Osterrieth
Complex Figure Test-copy to evaluate visuoconstructional
ability; (3) word list generation (Controlled Oral Word As-
sociation; Category Fluency Test) to assess verbal fluency;
(4) word list learning-recall and Rey-Osterrieth Complex
Figure Test-recall to evaluate memory; (5) Wisconsin Card
Sorting Test-modified (WCST), Design Fluency (Five-Point
Test), and Similarity (WAIS-R) to assess higher executive
function; (6) Luria’s Hand Sequence to evaluate motor
programming function; and (7) Neurobehavioral Rating
Scale (NBRS) to assess behavioral function.
ERP measurements
An ‘odd-ball’ stimulus paradigm (NeuroStim, NeuroScan,
Inc.) was used to elicit auditory ERPs and electroencepha-
lograph (EEG) was recorded using Ag/AgCl electrodes placed
at 21 scalp locations (FP1, FPz, FP2, F7, F3, Fz, F4, F8, T3, C3,
Cz, C4, T4, T5, P3, Pz, P4, T6, O1,Oz, O2) based on the 10e20
682 C.-L. Lai et al.system. All were referenced to linked earlobes. The elec-
trode impedance was kept below 5 kU. The EEG was ampli-
fied (band-pass, 0.01e40 Hz) by a SynAmps amplifier
(Compumedics Neuroscan). Continuous records with regard
to EEG were stored for further offline analysis at a sampling
rate of 256 Hz. The averaging epoch was 1024 ms, including
200 ms of prestimulus baseline. Individual trials with eye
blink artifact (more than 250 mVof peak-to-peak amplitude),
target trials for which the reaction timewasmore than 1.4 s,
and nontarget trials with a response, were all excluded from
the averaging. Separate ERP averages were made for each
trial type. Peak amplitudes weremeasured relative to a 200-
ms baseline preceding the stimulus onset. The N100, P200,
N200, and P300 components were assessed. The latencies
windows were N100 component as the maximum negativity
between 75ms and 150ms, P200 component as themaximum
positivity between 150 ms and 260 ms, N200 component as
the maximum negativity between 190 ms and 360 ms, and
P300 component as the maximum positivity between 250 ms
and 500 ms.
The patients were tested while sitting in a comfortable
chair with a neck support in a sound-attenuated room with
dim lighting. First, the binaural audiometric thresholds
were determined at 1000 Hz for each patient. All stimuli
were presented at 80 dB SPL (each 20 ms in duration). The
auditory stimuli consisted of 1000 Hz pure tone bursts asTable 2 The demographic data and mean scores of the neuro
controls.
Frontal lobe lesion
Age,a y 58.2  16.0
Sex, F/M 8/12
Education,a y 7.6  4.6
Attentiona
Digit Symbol (scale score) 5.75  2.10
Stroop Test (errors) 21.20  31.70
TMT-A (s) 128.75  98.2
TMT-B (s) 214.65  114
Digit Span (scale score) 9.20  2.82
Visuoconstructional abilitya
Block Design (scale score) 6.35  2.23
R-O ecopy (score) 27.35  9.81
Verbal fluencya
Word list generation (no.) 32.40  11.37
Memorya
Word list learning-recall (no.) 16.85  5.85
R-O erecall (score) 7.75  8.24
Higher executive functiona
Similarities (scale score) 5.40  3.19
Five-Point Test (correct number) 2.60  2.16
WCST-category (no.) 2.40  2.28
WCST-PN/total error (％) 37.98  31.29
Motor programminga
Luria’s Hand Sequence (score) 1.50  1.10
NBRS1 (score) 17.15  6.03
F Z female; M Z male; NBRS Z Neurobehavioral Rating Scale; PN Z
Complex Figure Test; TMT Z Trail Making Test; WCST Z Wisconsin C
a Mean  standard deviation.
b A p value versus controls by t-test.standard stimuli and 2000 Hz pure tone bursts as target
stimuli. The interstimulus intervals were set to be delivered
at a variable time interval between 1 s and 2 s. The prob-
ability of each sound category was 84.62% for standard and
15.38% for target. Thus, there were 50 target trials in each
block. The two types of sounds were presented randomly in
a stimulus sequence. The patients were requested to press
a button using the right thumb, as quickly as possible when
the target sound was detected. The experiment consisted
of two blocks and each block had 325 trials. Behavioral data
included reaction time and accuracy measures. Reaction
time was measured relative to target onset for correct
trials. Accuracy was measured as the percentage of correct
responses out of all responses to target tones.Statistical analysis
The proportion of sex in the two groups was compared by
Chi-square test. Normal controls and patients with FLL
were compared by Student t test in neuropsychological and
ERPs measurements. In NPT, the Bonferroni strategy of
multiple comparisons was applied to the Type I error rate of
significant factors by dividing 0.05 to 16 outcome variables.
Hence, p < 0.0031 was considered to be a significant factor.
To study the relationship between measures of NPT andpsychological tests in patients with frontal lobe lesion and
(n Z 20) Controls (n Z 27) pb
63.5  9.2 0.1926
14/13 0.5785
9.6  3.6 0.0758
9.85  2.61 <0.0001
1.82  2.40 0.0329
0 55.67  27.81 0.0039
.16 118.35  82.49 0.0057
12.00  3.64 0.0047
10.74  3.39 <0.0001
34.07  2.41 0.0069
49.04  9.32 <0.0001
21.67  1.33 0.0017
16.04  7.43 0.0010
9.93  4.31 0.0002
7.56  3.42 <0.0001
4.07  1.94 0.0118
31.17  20.84 0.3758
2.26  0.81 0.0136
13.11  0.42 0.0075
Perseveration error; R-O Complex Figure Test Z Rey-Osterrieth
ard Sorting Test.
Figure 1. Grand averaged P300 waveforms to target during
an oddball task recorded from midline sites (Fz, Cz, Pz) in
patients with frontal lobe lesion and controls. Positivity is
shown as downward deflection.
ERPs in executive dysfunction 683P300, Pearson product moment correlation coefficients
were used. Statistical significance was defined as p < 0.05.
Results
There was no difference in demographic characteristics
including the age, sex, and level of education between FLL
patients and controls (Table 2).
Neuropsychological assessment
The tested items and the statistics of neuropsychological
assessment in FLL patients and controls are summarized in
Table 2. Compared with controls, p < 0.0031 in tests for
attention (Digit Symbol, p < 0.0001), tests for visuocon-
structional ability (Block Design, p < 0.0001), tests for
verbal fluency (word list generation, p < 0.0001), tests for
memory (word list learning-recall, p Z 0.0017 and Rey-
Osterrieth Complex Figure Test-recall, p Z 0.0010), and
tests for higher executive function (Similarity, p Z 0.0002
and Five-Point Test, p < 0.0001), presenting the significant
difference in patients with FLLs. The Stroop Test, Trail
Making Tests A and B, Digital Span, Rey-Osterrieth Complex
Figure Test-copy and recall, WCST-category, Luria’s Hand
Sequence, and NBRS revealed merely marginal significance.
However, the mean scores on WCST-PN/total error showed
no difference between patients and controls.
ERP measurements
For the highest amplitude distribution, the N100, P200, and
N200 components at Cz were analyzed. Using the t test, the
mean latency of N100 component did not reach statistical
significance between patients with FLL and controls
(106.11  14.99 ms vs. 99.15  5.82 ms, p Z 0.0747).
However, the mean latencies of P200 (213.94  33.07 ms)
and N200 (302.55  33.60 ms) components in patients with
FLL were substantially delayed more so than those of con-
trols (192.14  20.70 ms and 260.67  30.56 ms), although
the mean amplitudes of P200 and N200 components did not
show a significant difference between the two groups.
Likewise, we used midline sites, such as Fz, Cz, and Pz
leads for detailed analysis in grand-averaged ERPs (P300).
The mean latency of Pz lead (428.56  57.34 ms) in patients
with FLL was significantly longer (p Z 0.0109) than that of
controls (388.04  28.89 ms; Fig. 1). The remaining mean
latencies and amplitudes of P300 did not show a significant
difference between patients with FLL and controls at Fz or
Cz lead, although the latency delay and amplitude
decrease were still apparent (Fig. 1).
The correlations of cognitive function and ERPs in
participants
The domains of cognitive function in all participants were
analyzed for their correlation with P300. The Pearson
r values of the correlation between P300 latency, P300
amplitude, and neuropsychological scores are summarized
in Table 3. For attention (Digit Symbol, Stroop test, Trail
Making Tests A), verbal fluency (word list generation), andhigher executive function (Similarity, Five-Point Test, and
WCST-category), there were strong significant correlations
with P300 latency, the poorer the participant’s perfor-
mance on the tests of attention, verbal fluency, and higher
executive function, the longer the P300 latencies.
For visuoconstruction ability (Rey-Osterrieth Complex
Figure Test-copy) and motor programming (Luria’s Hand
Sequence), this negative correlation still existed but was
less significant (Fig. I in the supplementary material
online).Discussion
The comprehensive FTB covers several domains of cognitive
deficits, including attention, visuoconstruction ability,
verbal fluency, memory, and higher executive function. It
Table 3 Correlation between neuropsychological tests and P300 measures.
Tests Fz Cz Pz
L A L A L A
Attentiona
Digit Symbol (scale score) 0.322 0.091 0.349* 0.012 0.462* 0.071
Stroop Test (errors) 0.172 0.005 0.387* 0.009 0.388* 0.040
TMT-A (s) 0.327* 0.354* 0.375* 0.109 0.370* 0.134
TMT-B (s) 0.205 0.277 0.266 0.267 0.285 0.169
Digit Span (scale score) 0.112 0.063 0.271 0.049 0.302* 0.155
Visuoconstructional abilitya
Block Design (scale score) 0.018 0.197 0.088 0.221 0.246 0.177
R-O ecopy (score) 0.335* 0.271 0.222 0.124 0.237 0.174
Verbal fluencya
Word list generation (no.) 0.223 0.115 0.349* 0.103 0.450** 0.203
Memorya
Word list learning-recall (no.) 0.066 0.135 0.059 0.238 0.053 0.155
R-Oerecall (score) 0.047 0.258 0.120 0.104 0.218 0.198
Higher executive functiona
Similarities (scale score) 0.386* 0.141 0.373* 0.131 0.514** 0.223
Five-Point Test (correct no.) 0.271 0.046 0.366* 0.017 0.473** 0.069
WCST-category (no.) 0.367* 0.058 0.398* 0.022 0.394** 0.126
WCST-PN/total error (％) 0.216 0.050 0.296 0.300 0.276 0.199
Motor programminga
Luria’s Hand Sequence (score) 0.113 0.341* 0.174 0.080 0.153 0.024
NBRSa (score) 0.120 0.233 0.247 0.102 0.284 0.007
A Z amplitude; L Z latency; NBRS Z Neurobehavioral Rating Scale; PN Z Perseveration error; R-O Complex Figure Test Z Rey-
Osterrieth Complex Figure Test; TMT Z Trail Making Test; WCST Z Wisconsin Card Sorting Test.
*p < 0.05.
**p < 0.01 by Pearson product moment correlation.
a Pearson r value.
684 C.-L. Lai et al.provides a composite global score, which assesses the
severity of executive dysfunction and may imply a
descriptive pattern of dysexecutive syndrome in given pa-
tients with FLL. It is generally accepted that each subtest is
associated with specific areas of the frontal lobes:
conceptualization, mental flexibility, verbal and design
fluency with dorsolateral areas; personality change with
orbitofrontal areas; and mediating motivated behavior with
anterior cingulate areas [23,24]. Most previous reports have
advocated similar cognitive impairment and each of them
have been shown to be significantly correlated with frontal
lobe metabolic activity measured by 18-fluorodeoxyglucose
using positron emission tomography scan [25].
The task used in the current study, “odd-ball” auditory
P300, was accepted to be a useful marker of information
processing, including attention, stimulus evaluation,
memory, and decision making [17,18]. In neuroelectric and
neuroimaging studies, these data suggested a posterior
attention mechanism governs neural responsiveness to the
parietal line [16,26]. P300 is produced when attention re-
sources are allocated for memory updating in association
cortex [16,27]. In addition, memory storage operations are
initiated in the hippocampal formation with the updated
output transmitted to parietal cortex [17]. As participants
processed information, there was an overall shift in acti-
vation from frontal to parietal area. Thus, this hypothe-
sized function of the posterior parietal lobe provides an
account of the central role it plays in the target P300response. Therefore, the neural population in the parietal
lobe might also contribute to the generation of the P300
accompanying judgment and decision. Because our pa-
tients with FLL exhibited a very widely distributed, signif-
icant delay of P300 latency at Pz, we presumed that the
frontal cortex exerts a controlling influence over processing
target stimuli throughout many regions of the brain
[16,17].
The latency of the P300 is believed to reflect the mental
processing speed and the amplitude of the P300 reflects
probability and evaluation of the stimulus [17,18]. Pro-
longed P300 latency indicates that more time is required to
process information and serves as an index of abnormal
cognition, because delayed P300 latency is found in pa-
tients with various cognitive disorders [17]. However, the
neural loci of P300 have suggested either that it is produced
by multiple, relatively independent generators or that it is
a reflection of a central integrated system with widespread
connections and effect throughout the brain [18]. If a lesion
abolishes an ERP component, it may not be necessarily that
the neural substrate itself has been destroyed, but rather
the input to the generators has been damaged. Our patients
showed substantial prolongation of P300 latency at Pz, but
not at Fz or Cz, although their latencies delay and ampli-
tude decrease were still apparent. Therefore, the delayed
P300 latency at Pz seemed to reflect parietal per se or its
connection dysfunction. In view of the functional neuro-
imaging, the electrophysiological techniques, such as ERPs,
ERPs in executive dysfunction 685are relatively insensitive in the spatial resolution and may
be another issue [11].
The correlation of attention, verbal fluency, and higher
executive function with P300 latency, especially at Cz and
Pz, is worthy of further discussion. The longer P300 latency
reflects the participant’s poorer performance on the tests
of attention, verbal fluency, and higher executive function.
These tests measure the participant’s ability to manipulate
the stimulus, while attending, processing, and responding
to the appropriate aspects of the stimulus. Moreover, in this
study, patients with FLL performed poorly on these tests
compared with normal controls. It was not surprising,
therefore, that the target P300 correlated well with the
event to be categorized and an appropriate decision
response was made. Otherwise, P300 are multidimensional
measures of information processing and its activity is
observed in multiple brain regions such as the frontal lobe,
temporal lobe, inferior parietal lobe, and neighboring
associated cortex, when attentional and memory mecha-
nisms are engaged [28,29]. In previous neuropharmacologic
studies, the circuit underlying P300 generation suggests
neurotransmitter actions associating frontal/dopaminergic
and parietal/norepinephrine pathways [16]. Hence, the
prolonged P300 latency indicates dysfunction of frontal-
parietal connection, which would probably interfere with
cognition that is believed to be mainly mediated by the
frontal lobe. However, if we further considered the corre-
lation of P300 with attention, verbal fluency, and higher
executive function, the P300 might act as a good indicator
to reflect the cognitive dysfunction related to dorsolateral
prefrontal lesion, because all of these cognitive functions
are considered to be dominated by dorsolateral prefrontal
cortex [24,30]. However, P300 seemed to have less value in
detecting the cognitive dysfunction related to orbitofrontal
cortex, because there was a marginally significant rela-
tionship with the score of NBRS in our study.
Furthermore, previous researchers demonstrated that
there was no consensus in the findings of N100, P200, and
N200 components for patients with FLL [20]. In the current
study, the mean latencies of P200 and N200 components
were significantly delayed in patients with FLL. This means
that in patients with FLL not only were higher-level cogni-
tive processes including integration of information and
memory matching impaired, but early sensory processing,
attention, and target discrimination also were affected
[12]. Above all, our ERP findings are in line with the
comprehensive FTB measurement in patients with FLL.
Some limitations with regard to this study should be
discussed. First, patients with FLL and different pathologic
characteristics were enrolled in our study. However,
although the outcome might be different, the damage
pattern was the same as that of the destructive type, not
the degeneration course. Second, the side of the lesion in
patients with FLL was not uniform in this study. According
to previous reports [27,31], the effect of the side in frontal
dysfunction is still unclear, and future studies with a larger
sample size are required to better clarify the relationship
between side and frontal function.
In conclusion, patients with FLL may have a prolonged
P300 latency, which reflects a delay of mental processing
speed in these patients. The ERPs show a good correlation
with impaired attention, verbal fluency, and higherexecutive function, which may present a network
dysfunction between frontal and parietal lobes.
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